Hypertension remains a leading risk factor of cardiovascular (CV) events and disease in the general population. The prevalence of hypertension is present in developed and developing countries and according to various assessments may fluctuate between 30% to 90% with considerable regional differences. Hypertension influences CV risk and mortality rate through target organ damages that affect vasculature particularly endothelium. Endothelial dysfunction is an independent risk factor of CV complications. Recent studies have shown that a decreased number and altered function of circulating endothelial progenitor cells (EPCs) may be a powerful marker of endothelial dysfunction with possible predictive value. The aim of this review is to update the current evidence of the role of endothelial progenitor cell dysfunction in impaired vascular reparation and CV risk in hypertension. The review discusses the interrelation between EPC dysfunction and traditional CV risk factors, such as hypertension, dyslipidemia, obesity, prediabetes/diabetes mellitus. It has been speculated that EPC dysfunction could appear prior to hypertension and represents an appropriate hypertensive phenotype with exaggerated CV risk. However, the predictive value of EPC dysfunction in hypertensive patients is not established and requires to be investigated in large clinical controlled trials.
INTRODUCTION
Hypertension is now recognized as an established powerful risk factor for cardiovascular disease (CVD) that is a primary cause of mortality and disability worldwide [1] . The prevalence of hypertension relates closely to age, sex, urban/rural location, lowered income in certain countries, affordability of insurance, type of nutrition, and comorbidities, such as diabetes mellitus, obesity, and chronic kidney disease [2, 3] . The prevalence of the disease in developing and developed countries varies and fluctuates from 30% to 90% confirming considerable regional differences in the prevalence of hypertension [4, 5] . Moreover, there is evidence that up to 90% of all hypertensive patients have uncontrolled blood pressure (BP) determined as > 140 mmHg and > 90 mmHg for office systolic and diastolic BP respectively [5, 6] . Recent observational and clinical studies have shown that target organ damages were more frequently detected in uncontrolled hypertensive individuals and resistant hypertensive patients than those who had fully controlled hypertension [5, 7] . Nevertheless, it was found that the endothelial dysfunction may be a result of direct vasculature damage due to the effect of cardiovascular (CV) risk factors and the natural evolution of hypertension [7, 8] . Additionally, endothelial dysfunction is strongly associated with not only a very high CV risk profile, but a higher rate of CV events in hypertensive individuals [8] . Although endothelial dysfunction emerges as a primary cause of essential hypertension and its evolution understanding the whole components involving in the pathophysiology of regulation of vascular structure and function become of great importance for the prediction of target organ damage and risk stratification [9] . The investigation of clinical significance of the role of endothelial dysfunction in developing and progression of essential hypertension could open novel perspectives for targeting the treatment of hypertension.
The pathophysiological mechanisms of endothelial dysfunction development involve several factors contributing to various causes of loss of normal vascular function and structure. The experimental models of essential hypertension have confirmed that genetic/epigenetic factors interacting with traditional (smoking, dyslipidemia, insulin resistance, diabetes mellitus) and specific (hyperuricemia, vitamin D deficiency, elevated homocysteine levels, inflammation, oxidative stress, hypercoagulation) CV risk factors and surrounding environment may regulate vascular reparation through synthetiz ing and release of various spectra of vasoactive substances including nitric oxide (NO), involving cell mechanisms and attenuation of synthesis of pro-inflammatory cytokines, chemokines, and reactive oxygen species (ROS) [10] [11] [12] [13] [14] . Consequently, vascular resident cells and circulatig progenitor cells with different origin and phenotypes (mononuclear and endothelial progenitor cells) may play a pivotal role in vascular repair, improving vascular integrity and function [15] . Finally, the imbalance between vasculature damage and vascular reparation capability could be considered as an independent factor contributing to endothelial function and vasculature structure that are central players in vascular tone regulation and target organ damage prevention [16] [17] [18] [19] . The aim of this review is to update the current evidence of the role of endothelial progenitor cell dysfunction in impaired vascular reparation and CV risk in hypertension.
DEFINITION OF ENDOTHELIAL PROGENITOR CELLS
The pioneer work provided by Asahara et al. [20] (1997) first reported about existing populations of circulating cells with impressive angiogenic capacities. Using animal models of ischemia the authors found sites of active angiogenesis with incorporation into its putative progenitor endothelial cells or angioblasts, which were further isolated from peripheral blood of animals and humans by magnetic bead selection on the basis of cell surface antigen expression [20, 21] . In vitro these cells expanded and committed to form an endothelial lineage in colonies in culture, and in vivo after transplantation these cells have been incorporated into cores of active neovascularization demonstrating an ability to attenuate angiogenesis and vascular function through differentiation into mature microvascular endothelial cells [22, 23] . It has been postulated that these cells called endothelial progenitor cells (EPCs) may origin from bone marrow stem cells and human umbilical cord blood and that they may mobilize and migrate from bone marrow, differentiate into mature endothelial cells and probably smooth muscle cells of vessels, as well as synthase and release a wide range of active molecules and growth factors [vascular endothelial growth factor (VEGF), fibroblast growth factor, granulocyte-macrophage colony-stimulating factor] that modulate vasculogenesis and improve vascular integrity [24, 25] .
DETERMINATION OF IMMUNE PHENOTYPES AND FUNCTIONALITIES OF EPCS
Early attempts to verify the population of EPCs were based on determination of molecular characteristics especially when flow cytometry technique was being implemented. To improve the understanding in im-mune phenotypes of EPCs, a consensus on common strong endothelial markers was initiated, which are expressed on the surface of these precursors. The cells may express cell markers of endothelial cells and their precursors, such as CD31, CD144, KDR (CD309, VEGF receptor-2), and CD133, but in absence of CD45 [26, 27] . The CD45(-) cells, which are detected and isolated based on single or combined expression of CD34, CD133 and CD309, were referred to as EPCs [26] . Three antigens, i.e., CD133, CD34, and CD309, are constitutively determined on the surfaces of EPCs, while after differentiation EPCs lose CD133 antigen and begin to be positively present on CD31, vascular endothelial cadherin, endothelial NO synthase (eNOS) and von Willebrand factor. However, EPCs expressed sufficient distinction in self-renewal ability that was determined using colony-forming method [28] . It has been speculated that a specific property may allow a more precise definition of EPCs, because the majority of antigens used as molecular markers were commonly shared with the various cells from hematopoietic lineage [29] . Indeed, some fractions of EPCs with high proliferating capacity could contain non-hematopoietic population of CD45(-), CD31(+) cells with additional presentation CD117(+). Taken together, the combination of CD45(-), CD31(+), CD 133(+), CD34(+) and CD309(+) or von Willebrand factor (+) probably allows for getting reliable purification of progenitor endothelial subsets from mononuclear cells with presentation of endothelial markers.
Depending on the ability to appear in fibronectin coated dish all EPCs were divided into early outgrowth (5-7 days after fibronectin plating) or late outgrowth endothelial cells (7-10 days after fibronectin plating). , and CD309(+) exhibited higher proliferative capability to CD34(-) EPCs. Therefore, CD34(+) EPCs had reproduced tubes and colony shaping in the single-cell colony-formation investigation as well as they responded to angiogenic growth factors [28] . In contrast, CD34(-) cells had limited capability to reproduce colonies or even had none of these properties in vitro. There is evidence that the absence of CD34(+) EPCs in the colony leads to cultures collapsing within one or two passage and confirming a strong hierarchy in self-renewal of EPCs, which may be an extremely important functional feature of precursors [28] . Thus, late outgrowth precursors may differentiate into functionally mature endothelial cells and progenitor-like angiogenesis-promoting cells (CD34 + EPCs) [29] . In fact, the colonies are shaped by heterogeneous populations of EPCs that express different markers suitable for endothelial and monocyte lineage. Finally, CD34(+) EPCs mediate marginally to angiogenesis and neovascularization by differentiation, although they are potent triggers and powerful regulators of proinflammatory response and remodeling of vascular wall [29, 30] . Other candidates for cell surface molecule markers and genes' signatures to a functional determination based surely on self-renewal hierarchy of EPCs are actively investigated. Thus, there are several populations of endothelial progenitors with different proliferative activity and angiopoetic capabilities that can represent markers of endothelial reparation/injury and endothelial dysfunction.
THE MECHANISMS OF ANGIOPOETIC ACTIVITY OF EPCS
Previous preclinical and clinical studies have shown that several factors, such as VEGF, stromal cellderived factor-1 (SDF-1) may enhance differentiation, proliferation, adhesion, and incorporation into endothelial cell monolayers of EPCs through VEGF/eNOS-related and chemokine SDF-1 Akt-related pathways [31] [32] [33] . Moreover, there is evidence that the blockade of VEGF or eNOS prevented all VEGF-induced and SDF-1alpha-induced effects toward EPCs including ischemia-induced proliferation, vasculogenesis and angiogenesis [33, 34] . In this context, the transfer of genes (cdkn1c and il33) that are coding p57 and an endothelial cell cycle inhibitor may regulate self-renewal capacity of EPCs. Recent studies confirmed that increased expression of these target genes of Notch signaling play a pivotal role in regulation of cell cycling with EPCs and stem cells [35, 36] . Thus, EPCs contribute their angiopoetic effect through direct differentiation into mature endothelial cells and probably into cells with other phenotypes like smooth muscle cells [37] . Additionally, there are data that confirmed that circulating EPCs originated from bone-marrow stem cells and peripheral mononuclear cells may directly contact to the injury sites of endothelium and influence them to induce local proliferation of residence cells, as well as promote auto-and paracrine effects. Indeed, acting as circulating EPCs enables to exhibit auto-and paracrine influences of hematopoietic cells including mononuclear cells, as well as local residence cells with high proliferative capacity [37] [38] [39] . In this way, EPCs release micro vesicles with regulatory proteins, peptides, micro-RNAs, growth factors (VEGF), and hormones (aldosterone) and secrete a wide spectrum of active molecules (E-selectin, P-selectin) directly into the circulation [40, 41] . Both secretome and proteome of EPCs were recognized as central players in the reparation of the endothelial layer and restoring of vascular function [42] . Indeed, EPCs turn over mature endothelial cells and immediately become a target for inflammatory cytokines, factors of coagulation, hormones (catecholamines, aldosterone, angiotensin-II, endothelin-1), active molecules that have the ability to induce apoptosis. Apoptotic endothelial cells switch over to the secretion of micro vesicles to nanoparticles, which contain chromatin. Apoptotic-related nanoparticles are produced by mature endothelial cells and directly lead to injury of the endothelium and mediate inflammation and coagulation, but activated mature endothelial cells realize micro vesicles with angiopoetic properties that enhance vascular reparation and attenuate endothelial function [42, 43] . Thus, EPCs with angiopoetic phenotypes may interact with vasculature in direct and indirect ways depending on the pre-existing ability of EPCs to proliferation, differentiation and survival as well as the spectrum of co-regulatory factors, which mainly alter maturation and commitment of stem cells/progenitor precursors and impair EPC mobilization.
THE EPCS DYSFUNCTION: RELATION TO CARDIOVASCULAR RISK FACTORS
EPC dysfunction was described as a phenomenon strongly associated with decreased number and/or weak function of circulating precursors [42] . Deficiency of circulating number of EPCs and weak function of them are found in senescence, atherosclerosis, stable coronary artery disease, myocardial infarction/ acute coronary syndrome, heart failure, atrial fibrillation/flutter, chronic kidney disease, morbid obesity, diabetes mellitus, hyperthyroidism, insulin resistance [15, 19] . Recent clinical studies have shown that EPCs strongly related to metabolic comorbidities (hyperuricemia, dyslipidemia, hyperglycemia) and appeared to resultin epigenetic modification of these cells [43] [44] [45] [46] . Although simple count of circulating number of EPCs is not superior to the assay of colony-shaping ability of EPCs in the context of association with CV mortality rate, the number of circulating EPC has shown to be negatively correlated with CV risk factors and vascular function and to predict CV disease/events independently of both conventional and non-traditional CV risk factors [47] [48] [49] . Moreover, the loss of the ability to release micro vesicles from EPCs can be a mechanism of worsening of glomerular function due to microvascular inflammation and endothelial dysfunction in chronic kidney disease [50] .
There is a suggestion that EPC dysfunction may appear prior to CVD without close association with CV risk factors, although conflicting data were obtained by numerous investigators. It has been found that the metabolic memory phenomenon in diabetics and pre-diabetics could be a result of EPC dysfunction [44] . Variability of glycated hemoglobin levels at early stages of diabetes mellitus development and insulin resistance are well established factors contributing to lowered numbers and poor function of circulating EPCs [19, 40, 51] . In contrast, there are studies that reported unchanged or increased numbers of circulating EPCs in diabetics, in patients with increased serum uric acid and in individuals with hypertriglyceridemia in comparison with healthy age-matched volunteers [52] [53] [54] . Previous studies reported that in healthy individuals the gender had no essential effect on the number of EPCs and that there was no effect on the number of EPCs factors such as: smoking, physical activity and alcohol consumption [55] . Kulwas et al. [56] reported that an increased number of circulating EPCs was found in patients with diabetic foot syndrome (DFS), but in diabetics without foot complications and healthy volunteers, the circulating number of EPCs was similar. In contrast, subjects with DFS, even with healed ulceration, had fewer EPCs and more CD45-CD29(+)CD90(+) mesenchymal stem cells when compared with the T2DM without DFS [57] . However, numerous metabolic risk factors and diseases including diabetes mellitus themselves did not affect bone-marrow mobilization of precursors, but they altered the EPC profile and decreased the circulating number of late outgrowth EPCs with high proliferative capability that sufficiently worsend the reparative ability of vasculature [54] . On the other hand, local tissue ischemia is thought to be the strongest inductor of EPC mobilization, angiogenesis and reparation, but data mentioned above did not confirm that several conditions, such as DFS, obligatory accompany intensive angiogenesis are associated with increased circulating number of angiogenic EPCs and high concentration of VEGF and fibroblast growth factor. Additionally, it has been found that decreased soluble receptors for VEGF due to inactivation of VEGF, may correspond to decrease in the number of EPCs in the circulation [56] [57] [58] . Although EPCs are crucial to vasculogenesis and angiogenesis during ischemic neovascularization the controversial findings regarding both number and function of EPCs in peripheral blood require to be explained in details. Probably, EPCs are under tight control of several epigenetic mechanisms, i.e., DNA methylation, DNA phosphorylation, micro-RNA-related translation, etc., which mediate a modification of EPC function, decrease the number of EPCs and suppress their survival. Moreover, it has been postulated that the worsening of EPCs function is attributed to the time period during which EPCs have been in contact with CV risk factors and epigenetic stimuli [59] . As a result, the ability of the vasculature to repair itself is dramatically lowered. All these facts explain that even newly differentiated mature endothelial cells from precursors did not completely restore vascular integrity and function. Finally, endothelial dysfunction tends to persist and damage target organs leading to increased CV risk.
The next controversies affect the fact of unpredictable changes of number of EPCs in the peripheral blood in acute situations, such as acute heart failure (AHF) or acute coronary syndrome (ACS), or cardiac/ vascular surgery procedures [60, 61] . Some investigators reported that the number of circulating EPCs in AHF or ACS/myocardial infarction was increased, but on the other hand there were reports of a lowered or an unchanged number of EPCs in humans within hours or days after manifestation of the events [62] [63] [64] [65] [66] . Also, the number of urgently recruited bone-marrow precursors can be limited due to previous expenditures for tissue reparations, which occurred prior to CV events, i.e., traumas and infections. On the other hand, ischemia/ hypoxia, several spectra of pro-inflammatory cytokines [tumor necrosis factor-alpha, interleukin (IL)-2, IL-4, IL-6, C-reactive protein], chemokines (E selectin), active molecules (intercellular adhesion molecule-1), matrix metalloproteinases (MMPs) and ROS that accompany atherothrombotic states, AHF, and release due progression of them are established factors for mobilization, proliferation and differentiation of EPC [66] [67] [68] [69] . These factors impair hypoxia inducible factor-1 alpha (HIF)/p-Akt/p-eNOS/MMP-9 signaling system in stem cells and circulating precursors that lead to delayed and reduced EPC mobilization from bonemarrow and probably from peripheral tissues [70, 71] . The final result for changes of the number of circulating of EPCs depends on a balance between the ability of stimuli to immediately mobilize precursors from bonemarrow/tissues and the pool of putative precursor cells [72] [73] [74] . Interestingly, improved functions of EPCs in hypertensive patients can be attained with the implementation of renin-angiotensin system blockers, such as angiotensin-converting enzyme inhibitors, angiotensin-II receptor blockers, direct renin inhibitors, and probably mineralocorticoid antagonists acting via intracellular signaling mechanisms related to SDF-1/CXC chemokine receptor four (CXCR4) and Janus kinase-2/CXCR4 axis [75] [76] [77] [78] . Thus, EPC dysfunction is a novel pathophysiological mechanism underlying defective neovascularization and vascular/tissues reparation in CVD.
THE DIAGNOSTIC AND PROGNOSTIC VALUES OF EPCS IN HYPERTENSION
Endothelial dysfunction is expressed by an increase of the endothelin-1 level and decreased bioavailability of nitric oxide associated with altered pro-coagulative, pro-inflammatory, and pro-vasoconstrictive phenotypes, and it is an early event in CVD that frequently precedes CV complications [79] . It has been reported that EPC colony number was significantly and inversely correlated with systolic and diastolic BP in subjects with hypertension [78] . A lowered number of EPCs in circulation was found at an early stage and represents a reliable predictor of endothelial dysfunction as well as a marker of target organ damages [80] [81] [82] . Indeed, decreased EPC levels may contribute to the pathophysiology of albuminuria or proteinuria in hypertensive patients with nephropathy. In patients with essential hypertension with ECG evidence of left ventricular hypertrophy (LVH), the circulating levels of EPCs were lowered to those who did not have LVH [81] . In hypertensive individuals with end-stage renal disease, EPC number and function were significantly reduced and inversely associated with CV risk [82] . Moreover, the levels of EPCs in the peripheral blood of women with pregnancy-induced hypertension were significantly lower compared with those of control pregnant women with normal BP level [83] . Numerous investigators reported that a lowered number of EPC and an altered EPC function related strongly not only with brachial BP levels, but the increased central aortic systolic pressure, aortic augmentation index, and pulse wave velocity as a marker of arterial stiffness. It altered brachial artery flow-mediated dilatation as a marker of endothelial dysfunction and left ventricular (LV) twisting [77, [84] [85] [86] [87] . Additionally, patients with newly diagnosed essential hypertension had increased proportions of various CD34(+) populations of EPCs and CD34(+)VEGFR2(+) c-Kit(+) EPCs [88] . Moreover, CD34(+) EPCs seem to be influenced by angiotensin II and KLOTHO encoding gene polymorphism [88, 89] . It has been suggested that the increased proportions of CD34 + EPCs in the circulation may be a compensatory mechanism for increased endothelial damage and microvasculature inflammation in hypertension [88] . However, the predictive role of EPC dysfunction in hypertensive individuals remains controversial. Although there is a relation between both lowered level of circulating EPCs and weak EPC function in vitro and an increased CV risk, there is not quite enough evidence regarding independent prognostication of EPC dysfunction in the hypertensive population [90] . In contrast, in patients with established CAD, myocardial infarction, heart failure, cardiomyopathies, the EPC dysfunction was determined to be a predictor of fatal clinical outcomes [91, 92] . In fact, EPC dysfunction associates with CV risk and frequently associates with a number of CV risk factors including hypertension, dyslipidemia, abdominal obesity, prediabetes/diabetes mellitus. Whether EPC dysfunction appears prior to hypertension or it shapes the hypertensive phenotype without corresponding to other CV risk factors is not fully clear [93] . In this context, the independent predictive value of EPC dysfunction in hypertensive patients requires to be investigated in details in large clinical controlled trials.
CONCLUSION
The altered endothelial function in hypertensive patients is strongly associated with a decreased number and a reduced function of EPCs and may be determined even at a pre-hypertensive stage of the evolution of the disease. There is much evidence that EPCs play a pivotal role in maintaining the vascular integrity and reparation preventing alteration of the endothelium and manifestation of endothelial dysfunction. The EPCs dysfunction is established independent of CV risk factors in the general population and in patients with known CV disease. In this context, a number of circulating EPCs can be recognized as potential diagnostic and prognostic biomarkers in hypertensive individuals, while there is not quite enough evidence from large clinical trials.
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